Injury to weeds from sublethal doses of POST herbicides may reduce the effect of weed interference on crop yield. Information on how herbicide dose influences weed mortality, growth, and seed production is needed to assess the potential benefit of applying reduced herbicide doses. Field experiments were conducted at Mead, NE, in 2001 and 2002 to quantify velvetleaf mortality, growth, and corn-velvetleaf interference in response to varying doses of three POST herbicides. Untreated velvetleaf at six densities (0, 1, 3, 6, 12, and 20 
Velvetleaf is an annual broadleaf species native to China, where it was cultivated as a fiber crop (Sattin et al. 1992) . Velvetleaf likely arrived in North America in the 17th century and was widespread throughout the colonies, but attempts to process velvetleaf fiber never succeeded because of its inferior fiber characteristics and lack of suitable machinery (DeFelice et al. 1989) . Velvetleaf is one of the most troublesome weeds in the northcentral United States (Bridges 1992) . The importance of velvetleaf as a weed in corn has increased over time, partly because it is relatively tolerant to many herbicides (Liphadzi and Dille 2006) .
Velvetleaf growing without competition may produce up to 17,000 seeds plant 21 (Warwick and Black 1988) . Plants growing in competition with corn produced 720 to 2,200 seeds plant 21 (Clay et al. 2005) . Seeds are characterized by high viability and longevity (Hartzler and Battles 2001) , contributing to its long-term success. If velvetleaf and corn emerge simultaneously, velvetleaf can surpass corn growth by the end of the season, develop a layer of leaves above the corn canopy and, therefore, interfere with crop light interception (Sattin et al. 1992) . Lindquist et al. (1998) argued that velvetleaf competes primarily for light in most corn production systems. Moreover, velvetleaf leaves are both nyctinastic and heliotropic (Koide and Schreiner 1994) , which results in a solid shadow under the weed canopy. Consequently, corn net assimilation rate during flowering and grain filling is reduced, which ultimately results in reduced grain yield (Sattin et al. 1992) . Velvetleaf can reduce corn yield by as little as 0% to as much as 80% depending on the environment in which it occurs (Lindquist et al. 1996) .
Weed control to reduce competitive losses has always been a priority of agricultural producers. Herbicides have been the preferred method of weed control for more than 50 yr (Liphadzi and Dille 2006) . However, increasing herbicide costs have contributed to declining profit margins (Liebman et al. 2001) . In addition to increasing costs, concerns about pesticide residues in food, environmental contamination, ground and surface water quality, reducing herbicide carryover, development of herbicide-resistant weed populations, and health hazards have resulted in research directed at reducing our reliance on herbicides.
Recommended labeled doses of herbicides are often greater than necessary for effective weed control (Dieleman et al. 1996) . Manufacturers usually prescribe large dosages to ensure effective weed control over a broad range of species, management, and environmental conditions (Devlin et al. 1991) . Although any risk associated with use of reduced doses, such as reduced efficacy or uncontrolled species, is assumed by the grower (Dieleman and Mortensen 1998) , one way to achieve reduced reliance on herbicides is to adjust the herbicide dose to the lowest effective dose for a given species and environment (Dieleman and Mortensen 1998; Dieleman et al. 1996) . Better understanding of weed response to varying herbicide dose is needed to effectively implement such a strategy.
Weed management decision support systems (DSS) are an effective tool to integrate and process large quantities of information and aid in selecting appropriate management options (Martin et al. 1998) . WeedSOFT 1 is a computerbased DSS developed to assist producers and managers in making weed management decisions (Neeser et al. 2004 ). WeedSOFT and other DSSs account for the influence of weed density and size on crop yield loss before and after application of the herbicide. Unfortunately, they assume weeds that survive a herbicide treatment are as competitive as untreated weeds. The result is an overestimation of yield loss, which consequently will increase the recommended herbicide dose (Lindquist and Knezevic 2001; Liphadzi and Dille 2006) . Accurate information on the growth, fecundity, and cropweed interference effects of weeds that survive herbicide treatment will help to provide output that is more realistic from DSSs. Therefore, the objectives of this research were to quantify mortality, growth, and seed capsule production of velvetleaf treated with varying doses of three common POST herbicides and to determine whether surviving velvetleaf are as competitive with corn as untreated velvetleaf. Experimental design was a randomized complete block with four replicates. Each block had 21 experimental units (plots) measuring four rows wide by 9 m long. Six plots in each block were herbicide-free with varying velvetleaf densities (0, 1, 3, 6, 12 , and 20 plants m 21 row) to evaluate the effects of weed density on velvetleaf growth and corn yield in absence of herbicide treatment. The remaining 15 plots in each block were treated with three POST herbicides at five doses, all with an initial velvetleaf density of 20 plants m 21 row. This set of treatments was used to measure velvetleaf mortality, the subsequent effects of each herbicide on growth of surviving velvetleaf plants, and the influence of those plants on corn yield.
Materials and Methods

Experimental
The three herbicides, registered for corn and recommended for velvetleaf control, had different modes of action to obtain a range of physiological and morphological responses. The herbicides were dicamba, an auxin-like growth regulator; halosulfuron, an amino acid biosynthesis inhibitor; and flumiclorac, a cell membrane disrupter. Application doses were 0.10, 0.25, 0.50, 0.75, and 1.0 times the labeled dose. Labeled doses were dicamba at 318 g ae ha
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, halosulfuron at 36 g ai ha
, and flumiclorac at 3 g ai ha Table 1 .
Data Analysis. Velvetleaf mortality was calculated as (first count 2 second count)/first count, where first count was the number of plants row 21 before the herbicide application and second count was the smallest number of plants row 21 counted during the season. Velvetleaf mortality, growth, seed production, and corn-velvetleaf interference data were analyzed separately for untreated (response to initial velvetleaf density) and treated plots (response to herbicide and dose). However, the untreated velvetleaf at 20 plants m 21 row was used as the 0 dose control in the analysis of treated plots. All variables were subjected to an overall ANOVA using SAS PROC MIXED 3 to test for differences across initial density or herbicide and dose treatments, and for treatment-by-year interactions. Year and year-by-treatment effects were usually significant, so data were analyzed and reported separately by year. Replication within year was treated as a random effect. Comparison among initial velvetleaf density and herbicide and dose treatments were made at a 5 0.05 (Littell et al. 1996) .
Corn yield loss was calculated as 1 -(Y trt /Y wf ) where Y wf was average yield in weed-free plots and Y trt the yield within a given treatment. Corn yield loss resulting from untreated velvetleaf was regressed on initial velvetleaf density using (Cousens 1985) where Y L is percentage yield loss, N is weed density, I is the slope of the relationship as velvetleaf density approaches zero, and A is the asymptote or percentage yield loss as velvetleaf density approaches infinity. Corn yield in monoculture and in mixture with herbicide-treated velvetleaf was compared among herbicide and dose treatments using ANOVA. Yield loss in 2002 resulting from herbicide-treated velvetleaf interference was compared with yield loss expected based on Equation 1 above using a chi-square test (Devore and Peck 1986) .
Results and Discussion
Velvetleaf Herbicide-treated velvetleaf mortality in 2001 was always greater than untreated velvetleaf mortality (66%; Figure 1 ). Velvetleaf mortality in 2001 varied among herbicide type but not across herbicide dose (Table 2) . Velvetleaf mortality in 2001 resulting from treatment with halosulfuron (80%) did not differ from that by flumiclorac (83%), but dicamba resulted in the greatest mortality (90%).
Velvetleaf mortality in 2002 varied among herbicide and dose treatments but not their interaction (Table 2) . Mortality in 2002 did not differ between the dicamba (53%) and halosulfuron (51%) treatments but was greatest (58%) from flumiclorac across all dose treatments. Mortality generally increased with increasing herbicide dose (Figure 1 ). In 2002, only treatments with flumiclorac at 0.75 and 1.0 doses caused higher mortality than untreated velvetleaf (at 20 plants m 21 row). These results are similar to those of Murphy and Lindquist (2002) , who found that only flumiclorac at 50% of the full dose and halosulfuron at the full dose produced greater mortality than control plots. These results may be because of a high capacity of velvetleaf to resume growth when treated tissues are not killed rapidly by these herbicides. Reports of herbicide efficacy in the literature (70 to 100%) are greater than the mortality observed here (Buhler et al. 1990; Niekamp and Johnson 2001) . Herbicide efficacy is an estimate of the performance of a product based on visual estimates of weed biomass in treated plots relative to the biomass in an untreated check plot (Martin et al. 1998) . Therefore, actual mortality is not reported. Data on herbicideinduced mortality are uncommon considering the amount of research published on weed management systems (Cousens and Mortimer 1995) .
Velvetleaf Height. Pattern of velvetleaf height growth over time did not vary among density or herbicide treatments within a year, so we report only the results of maximum observed velvetleaf height in all treatments. Herbicide-treated velvetleaf height in 2001 did not differ among herbicide or dose treatments (Table 2) and averaged 27 (6 3.0) cm, which was similar to untreated velvetleaf at 20 plants m 21 row (24 cm; Figure 1 ). Because corn (a C 4 species) is expected to have greater water use efficiency than the C 3 velvetleaf (Ehleringer and Monson 1993) , competition from the crop may have severely affected velvetleaf growth in the dry conditions of 2001. Alternatively, velvetleaf height may have been affected adversely by pathogen infection, as discussed earlier.
Velvetleaf height in 2002 varied among herbicides and herbicide dose but not their interaction (Table 2) . Velvetleaf across all herbicide doses was tallest in the flumiclorac (107 cm) and halosulfuron (99 cm) treatments and shortest in the dicamba treatment (81 cm). Velvetleaf height in 2002 declined with increasing herbicide dose (Figure 1 ). Herbicidetreated velvetleaf was shorter than untreated velvetleaf in all treatments except flumiclorac in the 0.1-and 0.25-dose treatments. Weed competition has the greatest detrimental effects on crop yield when allowed to compete with the crop during the critical period for weed control (e.g., Evans et al. 2003) . Overshadowing of short plants by taller plants is the principal means by which plants compete for light. When weeds are controlled early in the season, shading by the crop will prevent subsequent weed competition for light. Therefore, suppressing velvetleaf height is critical for reducing its competitive effect on crops.
Velvetleaf Biomass. Untreated velvetleaf biomass in 2001 did not vary among density treatments and averaged 2.4 6 1.0 g plant 21 (Figure 1 ). As with height in 2002, velvetleaf biomass plant 21 declined sharply with increasing density up to six plants per meter row and remained constant thereafter. Although velvetleaf biomass per plant is smaller in the highdensity treatments, biomass per unit area increases with density and is expected to have the greatest negative impact on crop yield at high densities.
Herbicide-treated velvetleaf biomass in 2001 did not differ with herbicide type but did differ with dose ( (Figure 1) . Although untreated velvetleaf seed capsule production tended to decline with increasing density, these differences were not significant in either year ( Table 2 ). The greatest production of 13 capsules plant 21 measured in this study was much lower than observed by Murphy and Lindquist (2002) row. These differences are likely the result of competition from the crop. Assuming that each velvetleaf seed capsule contains about 40 seeds (Lindquist et al. 1995) , the number of seeds produced in 2002 (, 500 seeds plant
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) was within the range reported by Clay et al. (2005) .
Herbicide-treated velvetleaf capsule production was closely related to biomass accumulation in both years. Number of velvetleaf seed capsules produced in 2001 was similar for all herbicide treatments with a mean of 1.2 capsules plant (Table 2) , and the overall mean yield was 494 g m
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. Mean weed-free yield was 2.5-fold greater (1,237 g m
) in 2002 compared with 2001, and yield declined with increasing untreated velvetleaf density (Figure 2) . The very low yield and lack of response to velvetleaf interference in 2001 may be the result of severe drought combined with minimal velvetleaf height and biomass in that year.
Corn yield in 2001 was not influenced by herbicide or dose treatment (Table 2) , and the mean yield of herbicide-treated corn was 495 g m (Table 2) . Yield loss in 2002 resulting from untreated velvetleaf interference increased with velvetleaf density (Figure 2 ). Estimated yield loss as velvetleaf density approached zero was 11.5% in 2002, which is similar to values for this location reported by Lindquist et al. (1996) but smaller than estimates reported by Lindquist and Mortensen (1998) . Estimated maximum yield loss was 72% in 2002, which is within the range of values reported for velvetleaf Lindquist et al. 1996) .
No yield loss was observed in any herbicide treatment in 2001 (Table 2 ). An herbicide-by-dose interaction effect on yield loss was observed in 2002. Corn yield loss declined with increasing dose of dicamba (Y L 5 37.4 2 36.9 3 dose; P 5 0.0004) and flumiclorac (Y L 5 41.6 2 29.8 3 dose; P 5 0.09) but not halosulfuron (P 5 0.55) (Figure 2 ). Corn yield loss in 2002 was lower than expected (P value for the chisquare test 5 , 0.0001) based on the untreated yield lossvelvetleaf density relationship (Equation 1) in all herbicide treatments except for the 0.1-dose dicamba treatment (P 5 0.101).
Results show that velvetleaf surviving herbicide treatment in 2002 was not as competitive as an untreated plant, and competitiveness declined with increasing herbicide dose. Weeds subjected to herbicide treatment will be shorter, accumulate less biomass, and produce fewer seed than untreated plants. Injury to surviving velvetleaf resulting from herbicide treatment is as beneficial to the crop as highmortality rates. Crop plants will then be placed at a competitive advantage, with the chance to surpass weed growth; absorb more light, water, and nutrients; and produce more yield. Information about how weeds respond to reduced dose treatments can help to accurately calibrate DSS to account for reduced interference owing to herbicide injury. Reduced herbicide doses may allow growers to reduce input costs and achieve a satisfactory level of weed control without negative impacts on crop production.
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